J Clin Invest. 2015;125(2):870-880. https://doi.org/10.1172/JCI79213. The use of adeno-associated virus (AAV) as a gene therapy vector has been approved recently for clinical use and has demonstrated efficacy in a growing number of clinical trials. However, the safety of AAV as a vector has been challenged by a single study that documented hepatocellular carcinoma (HCC) after AAV gene delivery in mice. Most studies have not noted genotoxicity following AAV-mediated gene delivery; therefore, the possibility that there is an association between AAV and HCC is controversial. Here, we performed a comprehensive study of HCC in a large number of mice following therapeutic AAV gene delivery. Using a sensitive high-throughput integration site-capture technique and global expressional analysis, we found that AAV integration into the RNA imprinted and accumulated in nucleus (Rian) locus, and the resulting overexpression of proximal microRNAs and retrotransposon-like 1 (Rtl1) were associated with HCC. In addition, we demonstrated that the AAV vector dose, enhancer/promoter selection, and the timing of gene delivery are all critical factors for determining HCC incidence after AAV gene delivery. Together, our results define aspects of AAV-mediated gene therapy that influence genotoxicity and suggest that these features should be considered for design of both safer AAV vectors and gene therapy studies.
Introduction
Adeno-associated virus (AAV) is regarded as nonpathogenic (1) and, when configured for gene therapy applications, is devoid of an intrinsic capacity to replicate and integrate. AAVs have therefore emerged as promising vectors for gene delivery (2) and have been extensively studied in small-and large-animal models for preclinical efficacy and safety (3) . In fact, there are multiple human AAV gene therapy trials around the world that have been completed, are accruing participants, or are in preparation (4) , and recent studies using AAV to treat 3 genetic disorders have been regarded as successful (5) (6) (7) (8) . In 2012, the first AAV treatment was approved for clinical use to treat lipoprotein lipase deficiency, a rare genetic disorder (9) .
The universal safety of AAV was first questioned by a single study that described the development of hepatocellular carcinoma (HCC) in mice after systemic delivery of a therapeutic AAV gene therapy vector (10) . Using a murine model of β-glucuronidase deficiency (mucopolysaccharidosis type VII), Donsante et al. documented an increased rate of HCC formation in mice treated with a therapeutic AAV vector in the neonatal period (10, 11) . Subsequently, several larger independent investigations designed to investigate AAV-mediated genotoxicity in mice were unable to document an increased risk of tumorigenesis (12, 13) , but these studies failed to replicate key experimental variables, such as the timing of viral administration, vector configurations, dose, delivery route, and background strain susceptibility to develop HCC (14) (15) (16) . Even a study that observed an increase in the development of HCCs after mice were administered AAV reporters concluded that the AAV vectors alone did not contribute to the formation of tumors; rather, Bell et al. claimed that the expression of LacZ alone or in combination with vector was causative (17) . Therefore, an association between AAV and HCC in the setting of therapeutic gene delivery has remained uncertain (15) (16) (17) (18) (19) (20) (21) and mechanism(s) of AAV-mediated HCC have remained unresolved (15, 19, 22) .
In a subset of tumors from the treated mucopolysaccharidosis type VII mice, AAV integrations were tightly clustered in the RNA imprinted and accumulated in nucleus (Rian) locus on chromosome 12 (10) . This is a complex genomic region that encodes numerous regulatory RNAs, including microRNAs (miRNAs), snoRNAs, and lincRNA (23) . The aberrant expression of proximal small noncoding regulatory RNAs, induced by AAV vector integration, was proposed as a mechanism for carcinogenesis (10) . Because the upregulation of delta-like homolog 1-deiodinase type 3 (DLK1-DIO3), the orthologous genomic imprinted cluster of Rian locus microRNAs found in humans, has been associated with poor survival in patients with hepatic carcinoma (24) , the further delineation of potential AAV genotoxicity, especially in the setting of systemic or liver-directed gene therapy is mandated.
Our previous studies using neonatal AAV gene delivery to treat mice with methylmalonic acidemia (MMA) provided a large set of homogenously treated animals that were used to interrogate the possible genotoxicity of AAV gene therapy and explore mechanisms of carcinogenesis. We had demonstrated that AAV serotype 2, 8, and 9 vectors configured to express therapeutic
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Vector design influences hepatic genotoxicity after adeno-associated virus gene therapy in the immediate neonatal period ( Figure 1A ). Control and AAVtreated mice were derived using the same sets of breeding pairs and were genetically similar, predominantly consisting of the C57BL/6 background (25) . All untreated Mut -/mice died in the neonatal period. In the cohort of animals that had received a single intrahepatic injection of 1 × 10 11 or 2 × 10 11 genome copies (GC) (~1 × 10 14 GC/kg) of an AAV8-CBA-Mut vector (25) , HCCs were detected at between 12 and 21 months in greater than 70% of both Mut +/and Mut -/mice (n = 48) ( Figure 1B and Table 1 ). No sex differences in the incidence of cancer were observed, with 82% of the male mice (n = 22) and 69% of female mice (n = 26) developing HCC following AAV treatment (P = 0.5048, Fisher's exact test). The discovery of HCC was often preceded by the appearance of a nontender abdominal mass, followed by weight loss. The tumors were multinodular and displayed typical morphological and histopathological characteristics of HCC (Supplemental Figure 1 , A-G; supplemental material available online with this article; doi:10.1172/JCI79213DS1).
A second group of 11 Mut +/mice was administered 1 × 10 11 GC of AAV8-CBA-GFP, delivered in an identical manner. Greater than 50% of the mice in this cohort developed HCC at between 14 and 25 months after the delivery of the GFP reporter transgene ( Figure  1B ). There was no statistically significant difference in the incidence of HCC between the AAV8-CBA-Mut-treated mice of either genotype compared with the mice that received AAV8-CBA-GFP (Table 1 ). These results indicate that the development of HCC is not associated with a particular transgene.
In contrast to the AAV-treated cohorts, a control group of untreated Mut +/mice (n = 51) was followed in parallel for 18 to 25 months, with only 3 mice developing HCC (<10%) ( Figure 1B and transgenes were highly effective at rescuing the neonatal lethal phenotype displayed by mice with MMA (25) (26) (27) (28) . In the present studies, these large cohorts of treated and control mice were followed for 22 months to monitor the efficacy of neonatal AAV gene therapy and survey for long-term complications. We observed a significant increase in the incidence of HCC, as high as 75% in some groups, after AAV gene delivery and used a novel high-throughput integration site-capture technique to locate AAV insertions in tumors and matched control tissues, coupled with expression analysis, to interrogate the mechanism(s) of viral genotoxicity (29) . Although the highly expressed, liver-specific genes albumin and α-fetoprotein emerged as the most frequent targets for AAV integration in both healthy livers and HCCs, only vector-mediated insertional mutagenesis into the Rian locus was associated with HCC following gene therapy. HCC formation depended upon the vector dose and was eliminated by changing the enhancer promoter of the vector. Our studies help elucidate the mechanisms underlying AAV-mediated genotoxicity in mice and provide a rational monitoring approach to assess the safety of AAV vectors in preclinical models as well as human subjects.
Results
AAV gene therapy confers an increased risk of developing HCC independent of mouse genotype, viral transgene, or genetic background. AAV vectors expressing a therapeutic murine methylmalonyl-CoA mutase cDNA (Mut), human methylmalonyl-CoA mutase cDNA (MUT), or GFP transgene under the control of the ubiquitous chicken β-actin (CBA) promoter (AAV serotypes 2, 8, and 9) or the liver-specific thyroxine-binding globulin (TBG) promoter (AAV serotype 8) were administered to MMA and control mice AAV delivered in the neonatal period (also see Figure 1 ). AAV was delivered via intrahepatic injection unless retro-orbital (RO) injection is indicated in the group column. P values were calculated using Fisher's exact test (2 tailed patic delivery is likely not a major factor influencing HCC development in our studies. Genes highly expressed in the liver are common targets for AAV integration. To investigate the possibility that insertional mutagenesis by AAV contributed to the development of HCC, we adapted an established integration capture method with subsequent high-throughput sequencing (29) to characterize AAV integrations. We identified and mapped 2,834 unique AAV integrations in 33 HCCs and 31 matched control livers (Figure 2A and Supplemental Table 1 ). A majority of the genes lacked integrations, and those genes with integrations typically harbored a single unique AAV integration. However, genes known to have higher expression in the neonatal liver, specifically albumin and α-fetoprotein, were the most susceptible to AAV integrations ( Figure 2 ). The integrations in these 2 loci were equally distributed between the HCC and control livers and therefore were not associated with HCC formation. The preference for AAV integration into active genes Table 1 ). In aggregate, these results demonstrate that the increased rate of tumorigenesis seen in the animals that received AAV was not dependent upon the Mut genotype, the vector transgene, or genetic predisposition.
HCC incidence is AAV dose dependent. We next performed a preclinical AAV dose reduction study in attempt to determine the minimal dose needed to rescue the MMA mice (28) . We subsequently found that reducing the AAV8 dose from 1 × 10 11 to 2 × 10 11 GC (approximately 1 × 10 14 GC/kg) to 1 × 10 9-10 GC (7 × 10 11-12 GC/kg) decreased the aggregate incidence of HCC at 22 months from 84% to 12% ( Figure 1C and Table 1 ). While the lower dose resulted in an increased frequency of HCC formation compared with the untreated controls, it was not significant ( Table 1 ). The dose-toxicity correlation we observed following intrahepatic AAV delivery with identical volumes and the fact that systemic delivery of vector has been associated previously with AAV HCC formation in mice (11, 17) suggests that intrahe- Untreated Mut +/control mice (n = 51) were aged for 22 months and, at death, were assessed for hepatic carcinoma. Three HCCs were detected in this group. Mut +/-(n = 24) and Mut -/-(n = 24) mice were treated with 1 × 10 11 to 2 × 10 11 GC per pup of AAV8-CBA-Mut, and Mut +/mice (n = 11) were treated with 1 × 10 11 to 2 × 10 11 GC per pup of AAV8-CBA-GFP. All untreated Mut -/mice perished in the newborn period. (C) Relationship between AAV dose and the frequency of HCC following injection. Untreated Mut +/control mice (n = 51) compared with Mut +/and Mut -/mice treated with AAV8-CBA-MUT at doses of 1 × 10 9-10 GC (n = 16) or 1 × 10 11 to 2 × 10 11 GC (n = 25) in the neonatal period. (See also integrations in the tumors. Consistent with this hypothesis, only AAV integrations in Rian were increased in HCCs compared with those in normal livers at a fragment count of 100 or greater. A majority of the AAV integrations in Rian were located in Mir341, a microRNA with a 96-base pair coding region contained within the Rian locus ( Figure 3A ). We confirmed that AAV integration junctions in the Rian locus in 15 independent HCCs were tumor specific and clonal by independently amplifying each junction fragment, sequencing the resultant products, and assessing the relative copy number ( Figure 3B and Supplemental Table 2 ). The junction fragments were present only in the HCCs and were not detectable in normal liver tissue dissected from the tumor margins of the same mice ( Figure 3B ). Upregulation of noncoding RNAs and genes proximal to Rian in AAV-associated HCCs. We performed expression profiling of the has been described previously (30) and likely contributes to the enrichment observed at these loci.
Vector integration into the Rian locus is significantly increased in HCCs after AAV gene delivery. As shown below, only the Rian locus exhibited a greater number of integrations, with higher fragment counts in the HCCs compared with those in adjacent control tissue (Figure 2A ). The fragment count is the number of times a unique sequence is detected, and it was used to approximate the copy number of a specific AAV integration. There were 29 unique AAV integrations in the Rian locus identified in 21 independent HCCs and only 5 unique AAV integrations, with a fragment count of 1 or greater, in the Rian locus identified in 5 normal appearing liver samples obtained from mice with HCC ( Figure 2A ). AAV integrations that drive HCC formation might be selected and therefore present at a higher copy number than noncausative Genes with 3 or more independent AAV integrations identified by integration capture and subsequent high-throughput sequencing in HCCs (n = 33) in comparison to integrations in normal livers (n = 31). The fragment count is equal to the number of times a unique integration sequence is detected. Due to size constraints, fragment count ≥1 shows all genes with 3 or more unique integrations. Fragment counts ≥100 are filtered for genes with more strongly amplified integration sites. *P < 0.01 (Fisher's exact test, 2 tailed). (B) Integrations of AAV8-CBA-Mut, AAV8-CBA-MUT, and AAV8-TBG-Mut vectors into the albumin (red), α-fetoprotein (blue), and Rian (green) loci. Each gene is depicted with exons in solid black, with solid lines representing an independent integration event. Thicker lines indicate multiple AAV integrations. The thick line over the Rian locus is created by the 12 independent HCC-associated integrations that map within a small genomic window. ( Tables 4 and 5) .
Enhancer promoter selection plays a role in HCC development after AAV gene delivery. We observed variable but increased rates of HCC in mice treated with AAVs of differing serotypes and enhancer promoters ( Figure 5A and Table 1 ). Our results ( Figure  5A and Table 1 ) and those previously reported document HCCs in mice after receiving AAV vectors carrying the TBG and CBA enhancer promoters (11, 17, 32) and not in mice after receiving AAVs configured with other enhancer promoters (13) . Therefore, we hypothesized that the trans regulatory sequences carried by the vector were influencing AAV genotoxicity.
To test this hypothesis, we designed an AAV using a human α-1 antitrypsin (hAAT) promoter, similar to the promoter used in HCCs compared with that of controls using both global RNA-and microRNA-specific microarrays. The global expression analysis compared HCC to normal liver tissue, and tumor-free margins displayed a distinct pattern with the HCCs clustering tightly into a separable group ( Figure 4A ). There was a marked upregulation of genes near AAV integrations in Rian in the HCCs ( Figure 3A , Figure 4A , and Supplemental Table 3 ). In addition, a unique subset of aberrantly expressed coding and noncoding RNAs, representing potential biomarkers and therapeutic targets for HCC, also emerged from these studies (Figure 4 and Supplemental Table 3 ). The overexpression of one gene in proximity to the AAV-Rian integrations, retrotransposon-like 1 (Rtl1), a retrotransposon-derived gene with a predicted transmembrane domain and protease activity (31) , was most apparent in our initial microarray experiment ( Figure 4B and Supplemental Table 3 ). We next used microR-NA-specific microarrays to better characterize the microRNA expression profile of the HCCs (Figure 4C and Supplemental human factor IX gene therapy clinical trials (7, 33) , to drive the expression of a codon-optimized human MUT cDNA (synMUT) ( Figure 1A) . Mut +/and Mut +/+ mice were treated in the immediate neonatal period with AAV8-hAAT-synMUT at a dose of 1 × 10 11 GC (approximately 1 × 10 14 GC/kg) via systemic (Mut +/mice, n = 5) or direct hepatic (3 Mut +/and 2 Mut +/+ mice) injection ( Figure 5A and Table 1 ). After 18 to 22 months, none of the 10 AAV8-hAAT-synMUTtreated animals developed HCC ( Figure 5A) . A subsequent integration analysis using 5 livers from the mice that received direct hepatic injections of vector identified 3,898 unique AAV integrations (Supplemental Table 6 ). These livers were normal in gross appearance, without nodules, and had normal histology. As observed with the AAV8-CBA-Mut, AAV8-CBA-MUT, and AAV8-TBG-Mut vectors (Figure 2B ), the albumin, α-fetoprotein, and Rian genes were frequent integration loci ( Figure 5B ). We detected 6 unique AAV integrations at the Rian locus in the 5 livers studied ( Figure 5, B and C) . The AAV8-hAAT-synMUT Rian integrations clustered in the same genomic region, very close to Mir341, as seen with the other AAV vectors. In contrast to the integration patterns of other AAV vectors studied, AAV8-hAAT-synMUT showed a distinct set of loci, with both low and high fragment counts ( Figure 5B and Supplemental Table 6 ).
Discussion
We observed a dramatic, dose-dependent increase in HCC incidence in a large number of mice following neonatal AAV delivery that was not dependent upon the murine genotypes or the viral transgene. Although hepatic perturbations have been well documented in mice and patients with MMA (34, 35) , neither the disease state nor carrier status for MMA is recognized to confer an increased risk to develop HCC. Our observations offer the most compelling evidence to date that therapeutic gene delivery mediated by AAV can display marked genotoxicity. In contrast to other preclinical studies (16, 17) , the untreated control heterozygous mice used in this work did not display a strain tendency toward the development of HCC ( Figure 1B and Table 1 ). The rate of HCC observed in our mice, which had contributions from C57BL/6J, 129Sv/Ev and FVB/N strains, is consistent with previously reported rates of HCC in mice with similar strain backgrounds. Several studies are relevant along these lines. Jeganathan et al. (36) documented a spontaneous HCC formation rate of 14% in a control cohort of 170 mice on a mixed C57BL/6J × 129Sv/Ev background that were aged for over 30 months. The incidence of spontaneous hepatic tumors arising in FVB/N mice appears similar, with approximately 20% of male mice (n = 29) developing hepatic tumors by the age of 24 months (37). C57BL/6J mice seem relatively more resistant to HCC than other strains, with 8.8% of a cohort aged 22-27 months developing hepatic cancer (38) . We measured a spontaneous HCC rate of ~6% (3 mice with HCC in 51 mice) in the Mut heterozygote mice used as controls, which is close to, but below, the rates other groups have documented in the respective mixed or pure strains, suggesting that a heterozygote predisposition to HCC is unlikely.
The use of an improved method to capture and characterize AAV integrations afforded the opportunity to not only make important observations about the integration profiles observed in the setting of therapeutic gene delivery but to probe mechanisms of genotoxicity in AAV-associated HCCs. Although linear amplification-mediated PCR and ligation-mediated PCR-based (LM-PCR-based) capture methods can fail to retrieve integration sites where the AAV's inverted terminal repeats (ITR) . Mut +/mice treated with AAV8-CBA-Mut (n = 24), AAV8-TBG-Mut (n = 11), and AAV2-CBA-Mut (n = 11) at a dose of 1 × 10 11 to 2 × 10 11 GC per pup, AAV9-CBA-Mut (n = 12) at a dose of 1 × 10 10 GC per pup, and AAV8-hAAT-synMUT at a dose of 1 × 10 11 GC per pup (n = 10, 8 Mut +/and 2 Mut +/+ mice). (See also Table 1.) *P < 0.01 (Fisher's exact test, 2 tailed). (B) Livers from mice (n = 5; 3 Mut +/and 2 Mut +/+ mice) treated with AAV8-hAAT-synMUT after direct hepatic injection were used to characterize vector integrations. The fragment count is equal to the number of times a unique integration sequence is detected. Fragment count ≥1 shows genes with the greatest number of unique integrations. Fragment counts ≥100 are filtered for genes with more strongly amplified integration sites. (See also Supplemental Table  6 .) (C) Six unique AAV integrations detected at 18 months of age in the normal appearing livers of 3 of 5 treated mice. (D) Schematic of hypothesis. CBA and TBG, but not the hAAT promoter enhancer, are capable of promoting increased transcription of proximal genes (transactivation) that drive the formation of HCC. The orientation of the vector integration events was not determined and therefore remains hypothetical. jci.org Volume 125 Number 2 February 2015 locus, which is highly susceptible to insertional mutagenesis (32, 41, 42) , is vulnerable to AAV integrations (43, 44) . Many of the AAV integrations in Rian clustered very tightly in the Mir341 locus, which lacks a human ortholog. No microhomology between any AAV vector genome and the integration sites in Mir341 could be detected. Because we were unable to capture both ends of the integration events and the primers were anchored within the ITR, we, as well as others (10) , were unable to determine the orientation of the AAV genome with respect to the Rian locus. Our integration data (Figure 2A) suggest either a strong local preference for integrations in Rian/Mir341 or increased detection of this locus as a result of selection and clonal expansion. It seems likely that both factors are contributory.
In addition to the upregulation of proximal microRNAs at the Rian locus in the AAV HCCs, we identified a gene, Rtl1, with increased expression that had not been noted previously by Donsante et al. (10) . The overexpression of Rtl1 in vivo, as an independent transgene, has been shown to promote HCC formation in mice with high penetrance (31) . Furthermore, increased expression of Rtl1 after lentiviral insertion into the Rian locus has been shown to drive hepatocellular carcinogenesis (42) . These findings support the concept that the upregulation of Rtl1 caused by AAV integration into the Rian locus, as well as the aberrant expression of numerous microRNAs, is the cause of HCC in a majority of the AAV-treated mice. In addition to genes that appear locally upregulated by AAV integrations, the large number of differentially expressed genes we identified in the cancers (Figure 4 ), presumably representative of state of HCC itself, may inform the future study, diagnosis, and treatment of HCC.
Like other gene therapy vectors, the enhancer promoter of the AAV transgene appears to play a crucial role in tumorigenesis (32) . Regulatory elements within the sleeping beauty transposon have been shown to influence insertional mutagenesis (41) . Given that HCC was only associated with AAV gene therapy using either CBA or TBG enhancer promoters, we speculated that vector-encoded cis regulatory sequences were contributory. To investigate this possibility, we developed a vector, AAV8-hAAT-synMUT, modeled on a AAV vector that had been administered to human subjects with hemophilia and did not cause genotoxicity in mice (13, 33) . While we did not observe HCC in mice treated with AAV8-hAAT-synMUT, we did detect AAV integrations in Rian in the livers of treated mice, indicating that this locus is a site of AAV integration and is detectable in the absence of clonal selection. The expression of Rtl1 and Mir543 was not found to be upregulated in the livers of AAV8-hAAT-synMUT-treated mice (Supplemental Table 4 ), suggesting that localized transcriptional upregulation secondary to AAV8-hAAT-synMUT integration was not present. We postulate that the integrations did not predispose to HCC, because the hAAT enhancer promoter, unlike the TBG and CBA regulatory elements, did not lead to the overexpression of local genes. The fact that other investigators used a similar cassette to deliver the factor IX gene to 8-week-old mice but did not detect integrations into the Rian locus (13) may be explained by the differing ages of delivery between the 2 cohorts.
Although experiments in small animals do not always accurately predict clinical outcomes, the genotoxicity we have observed with various AAV vectors warrants concern about the remain intact, the use of LM-PCR with 3 parallel frequent-cutting enzyme digests (MseI, BfaI, and Csp6I) has provided an improved recovery, fewer artifacts, and lower amplification distortion in studies using this method to capture retroviral integrations (29) and was therefore adapted to the study of AAV. We found more unique AAV integrations in the albumin and α-fetoprotein loci, which are both highly expressed in the liver in early life, in comparison to other genes with integrations. These genes were found to have a disproportionate number of AAV integrations for all vectors and serotypes tested. The pattern of loci-harboring AAV8-hAAT-synMUT integrations was distinct, but overlapping, with what was observed with other AAV vectors, indicating that the sequence of the AAV genome delivered may also influence integration preference.
The temporal expression of α-fetoprotein and the neonatal delivery of AAV most likely explain the integration preference for this locus, supporting the suggestion that the level of expression at an endogenous locus at the time of gene delivery is an influential factor in determining where an AAV vector integration may occur (30) . It is noteworthy that the Afp and Alb genes are tightly linked, which suggests that open chromatin, in the setting of active transcription and the vector itself, presents interacting factors that influence where an AAV vector integrates (39) . While AAV is known to have a preference to integrate into actively transcribed genes (30) , we are unaware of any reports that correlate higher tissue-specific gene expression with increased AAV integration frequency.
We found that AAV insertions in Rian were associated with HCC. Insertional mutagenesis by AAV has been reported only after neonatal gene delivery and not after AAV administration to juvenile (6-8 weeks) (12) or older mice (13) . While there have been several studies examining HCCs in mice exposed to AAV, the few that have confirmed integrations in the tumors recovered a very small number of integrations (15 total from 22 HCCs analyzed) that were dispersed in a few proto-oncogenes and tumor suppressors (16) or characterized integration events in a single control and 2 HCCs derived from mice initially claimed to not develop HCC after AAV gene therapy (20) . While the latter study used a high-throughput sequencing LM-PCR capture method, Rian integrations were detected in both the control and HCCs, preventing the authors from concluding that these rAAV integration events marked hepatocytes for progression into nodules or tumors (20) . A more comprehensive study was performed by Li et al., who treated adult wild-type C57BL/6 mice with a single-stranded AAV vector that expressed factor IX under the control of the hAAT promoter. These authors documented low-frequency integrations in albumin (Supplemental Table 1 Table 4 ). The absence of Rian integrations in adult mice treated with AAV could be explained by the fact that Rian is expressed at higher levels in the livers of neonatal mice compared with that in those of the adult mice (40) and that AAV demonstrates a preference to integrate into actively transcribed genes (30) . Therefore, the genotoxicity we observed appears to be the consequence of AAV gene delivery at a time point when the Rian jci.org Volume 125 Number 2 February 2015
Histology. Liver and HCC samples were fixed in formalin, embedded, stained with hematoxylin and eosin, and reviewed by a veterinary pathologist.
AAV production and delivery. The AAV genomes depicted in Figure 1A were packaged into AAV2, AAV8, or AAV9 capsids; purified by cesium chloride centrifugation; and titered by qPCR as previously described (48) by the University of Pennsylvania Vector Core. Viral particles were suspended phosphate-buffered saline and delivered using 32-gauge needle in a total volume of 10 to 20 microliters. Pups received either an intrahepatic or retro-orbital injection of AAV within 24 hours of birth.
Integration mapping and annotation. Samples were prepared for high-throughput sequencing as previously described (54), with the following modifications. The following primers were used for the first round of PCR: AAV ITR primer, 5′-GGAGTTGGC-CACTCCCTCTCTG-3′, and linker primer, 5′-GTAATACGACT-CACTATAGGGCACGCGTG-3′. Cycle conditions were as follows: 95°C for 2 minutes and 25 cycles of 95°C for 15 seconds, 55°C for 30 seconds, and 72°C for 1 minute. PCR amplicons from the first round were diluted 1:50. The following primers were used for the second round of PCR: AAV ITR nested primer, 5′-TCTCTGCGC-GCTCGCTCG-3′, and nested linker primer, 5′-GCGTGGTCGACT-GCGCAT-3′. Cycle conditions were as follows: 95°C for 2 minutes and 20 cycles of 95°C for 15 seconds, 58°C for 30 seconds, and 72°C for 1 minute.
The LM-PCR amplicon library was sequenced on an Illumina MiSeq. Integration sites were detected using AAV_GeIST, a modification of the GeIST workflow described in LaFave et al. (29) . The workflow continued to use BamTools version 1.0.2, cutadapt version 0.9.3., and Bowtie version 0.12.7 (55) (56) (57) . The major modifications were as follows. Barcodes were used to identify discrete tissue samples rather than flasks of cells. Each sample received 2 barcodes. ITR trimming occurred in 2 steps in order to accommodate the variable length of the AAV sequence at the integration junction. First, sequences that matched the nested ITR primer (5′-TCTCT-GCGCGCTCGCTCG-3′) were trimmed by cutadapt (57) . Second, the variable region was removed by a Perl script that trimmed the read for as long as consecutive bases matched a continuous string within the variable portion of the AAV ITR (58) . If an ITR primer had been detected, the continuous string was required to be directly adjacent to the ITR.
We discarded the 2,466 putative integrations that mapped within the Mut gene (chr17:40,934,684-40,961,989), because the exons of this sequence were carried on the AAV vector and could have represented false positives arising from vector amplification. In addition, direct PCR amplification of a subset of samples with the highest fragment count failed to verify AAV integrations in the Mut locus. Integrations were annotated using Mus musculus genes (Genome Reference Consortium Mouse Build 38 patch release 1) from Ensembl Genes 70, downloaded from BioMart (59, 60) . Integrations that fell within transcripts were annotated with respect to the nearest exon.
The raw data are available in the NCBI Sequence Read Archive (BioProject accession PRJNA246494). The mapping and annotation scripts we used, along with associated Perl files, as well as hosts files indicating the position of the integrations, the annotations, and a list indicating which sample was in each well are available in Supplemental File Descriptions. possibility of insertional mutagenesis following AAV gene delivery in humans. The most relevant example is the failure of animal studies to predict the increased risk for the development of leukemia after retroviral gene therapy for X-linked severe combined immunity deficiency (45) . Mir341, the locus we found to be susceptible to insertion mutagenesis in mice, has no human homolog and therefore itself could not be a target of AAV integrations in human subjects. Our observations show that the species genome and vector integration profiles play import roles in determining whether AAV integrations manifest in genotoxicity and highlight the difficulties of relying heavily upon animal toxicology studies to predict human safety outcomes.
The data from this report and others (46) have implications not only for the design of AAV vectors for use in humans but for improved monitoring strategies in preclinical gene therapy experiments. While cassettes with strong enhancers and promoters, such as those that contain viral transcriptional control sequences, may display impressive preclinical efficacy, the data presented here highlight the malignancy risk that accompanies unintended integrations with subsequent cis activation. It is worth emphasizing that the genome configuration of all the AAV vectors studied here was single-stranded because of the packaging capacity limitations imposed by a double-stranded or self-complementary design. Self-complementary AAV vectors are claimed to exhibit superior in vivo efficacy compared with that of single-stranded vectors (47) , but whether the self-complementary genome configuration influences integration preference compared with an equivalent single-stranded AAV vector is unknown and worthy of comparative study. Our data suggest that augmenting hepatocyte transduction by either increasing the dose or the use of a more hepatotrophic serotype, such as AAV8 compared with AAV2, led to an increase in the rate of HCC. Additionally, the use of distinct capsids to pseudotype AAV vectors (48) , such as serotypes 8 and 9, confers distinct patterns of tissue trophism in wild-type and disease states (49) . Other capsid-specific properties may influence genotoxicity, such as subcellular localization (50) , uncoating kinetics (51), and perhaps even transcription of the input genome (52) . Preclinical testing should therefore be designed to account for the differential behavior of each vector-capsid uniquely and incorporate long-term observation for malignancies as well as genomic analyses to characterize vector integrations.
In conclusion, we have demonstrated that AAV administration can predispose to HCC formation. There are multiple variables influencing AAV-mediated insertional mutagenesis and subsequent genotoxicity, including the age of treatment, dose, serotype, enhancer promoter encoded by the vector, and the species genome. The fact that AAV cassette design can markedly alter the incidence of genotoxicity is encouraging and illustrates how a more complete understanding of vector behavior in preclinical models could inform the risks of potential adverse events associated with AAV gene delivery in humans.
Methods
Murine model of MMA. The murine model of MMA harbors a deletion of exon 3 in the Mut gene and has previously been described. Mut -/mice on a mixed (C57BL/6 × 129Sv/Ev × FvBN) background exhibit a neonatal lethal phenotype, with most mice perishing in the first few days of life (34, 53) .
